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[ METHOD AND SYSTEM FOR 
OPTIMIZING THE DESIGN OF A 
MECHANICAL SYSTEM ] 

Cross Reference to Related Applications 

This application claims priority to Provisional Application No. 60/299280 which was 
filed on June 1 8, 2001 and is incorporated herein by reference. 

Background of Invention 

TECHNICAL FIELD OF THE INVENTION 

The system described herein relates in general to the optimal design of 
mechanical systems and in particular to the use of models and simulations during the 
design of a mechanical system in order to achieve optimal performance for 
mechanical system in robust operating conditions. 

BA CKCROUND OF THE INVENTION 

The creation of models of mechanical systems is well-known in the art. In the 
past, manufacturers designed and manufactured prototypes of mechanical systems 
whose performance could then be tested by operating them in a variety of operating 
conditions, mimicking actual operating conditions. For example, automobile 
manufacturers would create a number of prototypes of a new vehicle design, each of 
which could be operated on a proving ground to test its performance. These 
prototypes would be tested, modified, tested again, modified again, etc. until the 
designer was satisfied with the test results. This process was very time consuming and 
expensive and did not ensure that the manufacturer was obtaining the optimum 
design for that system, only that it was the best design of those tested. 
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[0005] Since the proliferation of computers, manufacturers utilized software programs to 
model the performance of mechanical systems. Manufacturers would create many 
models of a mechanical system by simply varying its design parameters. The 
performance of each of these models could then tested by a computer running a 
simulation software program. This simulation program would compile results of 
specified performance attributes for each model so that the designer could determine 
which of the models yielded the best performance. While better than the prototype 
process described above, this new process suffered from many of the same problems. 
It, too, was time consuming and required many simulations to find a satisfactory 
design. Furthermore, this process also did not ensure that the designer obtained the 
optimum design for the system, only that the design was the best design of those 
tested. 

I* Summary of Invention 

0 

U [0006] 

In one aspect, the invention is directed to a method for optimizing the design of a 
mechanical system. The method includes the step of determining a plurality of design 
parameters. The method further includes determining a range of variation for each of 
the design parameters. The method also comprises determining a space-filling Latin 
Hypercube design of experiment matrix based upon the ranges of variation for each 
of the design parameters. Still further, the method comprises creating a plurality of 
models of the mechanical system based upon the space-filling Latin Hypercube 
design of experiment matrix and also creating a simulation test. The simulation test is 
used to simulate the performance of each of the models of the mechanical system, 
which outputs a simulation result for each of the models. The method also comprises 
determining if any of the simulation results is a faulty or inaccurate simulation result, 
discarding any such faulty or inaccurate simulation result, and consolidating the 
remaining accurate simulation results into a simulation results summary. The plurality 
of accurate simulation results comprises a performance attribute result for each of a 
plurality of performance attributes. The method further comprises creating a plurality 
of response surface models, each of which being related to all of the performance 
attribute results in the simulation results summary for one of the performance 
attributes. The response surface models being capable of modeling the performance 
of its corresponding performance attribute over the range of variation for each of the 
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design parameters. Still further, the method comprises choosing a desired 
performance metric for each of the plurality of response surface models and selecting 
a design parameter value from the range of variation for each of the design 
parameters, whereby the selecting optimizes the desired performance metrics for at 
least one of the plurality of response surface models. 

[0007] In another aspect, the invention is directed to a system for implementing the 
process described above with the use of a computer running a software program. 

Brief Description of Drawings 

[0008] These and other features and advantages of the present invention will be apparent 
to those of ordinary skill in the art in view of the detailed description of the preferred 
embodiment which is made with reference to the drawings, a brief description of 
J* which is provided below. 

M 

P [0009] FIG. 1 is a flowchart showing details of the Modeling and Simulation step of the 

^ process. 

V : [0010] FIG. 2 is a flowchart showing details of the Determination of Optimal Design 

£• Parameters step of the process. 

P [001 1] FIG. 3 is a flowchart showing details of the Robustness Optimization step. 

ST? 1 "** r 

H Detailed Description 

m 

[0012] 

This invention is an improvement over prior modeling and simulation processes 
and is designed to yield the optimum design of a mechanical system. As more fully 
described below, the method creates a number of models of a mechanical system 
based on a Latin Hypercube Sampling design of experiment matrix. This matrix 
determines values for each of the design parameters, and ensures the most accurate 
modeling based on a given number of models. These models are then simulated, and 
the results of the simulations are recorded for each of a number of performance 
attributes. Faulty or inaccurate results are discarded and the remaining results are 
organized by performance attribute to create a Response Surface Model for each 
performance attribute. A Response Surface Model is able to estimate a specific 
performance attribute for a range of variation of design parameters based on the 
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known response of the simulated models. The designer chooses the desired 
performance of the performance attributes, and the Response Surface Models are then 
utilized to yield the design parameter values that result in a performance of the 
system that most closely fits with the desired performance. The method disclosed 
herein is less time consuming than prior modeling and simulation processes. 
Furthermore, this method obtains the optimum design of the mechanical system. 

[001 3] A preferred embodiment of the present invention is comprised of two basic steps, 
Modeling and Simulation 100 and Determination of Optimal Design Parameters 200. 
The Modeling and Simulation step 100 can be broken down into component steps, 
Design of Experiment ("DOE") 120, Response Surface Modeling 1 50, and Statistical 
Analysis 1 70, as shown in FIG. 1 . Although the invention is described as a sequence of 
steps, the steps may be reorganized without departing from the scope of the 
invention. 

[001 4] | n the DOE -J 20 s tep, models 1 25 of the mechanical system are created. It is well 
known in the art to model a mechanical system, for example, with a computer 
software program like the ADAMS program by Mechanical Dynamics Inc. of Ann Arbor, 
Ml or with a similar software program. First, a designer chooses which design 
parameters can be modified, and the range of possible values for each parameter. The 
models 125 are based on different variations of the design parameters of the 
mechanical system. The values for the design parameters are selected by Latin 
Hypercube Sampling ("LHS"). LHS is a stratified sampling technique where the random 
variable distributions are divided into equal probability intervals. A probability is 
randomly selected from within each interval for the basic variables. Essentially, a 
number of models 125 are created based upon combinations of values, chosen by 
LHS, for each design parameter. Preferably, the number of models 1 25 is equal to ten 
times the number of design parameters. These models 125 are then tested, preferably 
by a computer simulation program 1 30. Computer simulating programs 1 30, like the 
ADAMS program by Mechanical Dynamics Inc. of Ann Arbor, Ml, simulate the 
performance of mechanical models and are well known in the art. Simulation 
programs 1 30 provide results that describe the performance attributes of the 
mechanical system, for example, the vertical travel of a shock absorber. At this point, 
faulty or inaccurate results are discarded. Faulty results are those determined by the 
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designer to be unreliable. A result may be deemed faulty if the time required to obtain 
the result by the simulation program 130 is significantly shorter than the average 
simulation time required to obtain a result. Another example of a faulty result is if the 
mechanical system does not return to static equilibrium. The remaining "accurate" 
results are then used in the Response Surface Modeling step 1 50. 

[001 5] In the Response Surface Modeling step 1 50, the simulation program's 1 30 output 

is utilized to model the performance of the performance attribute over the range of 

possible values for the design parameters. This results in Response Surface Models 

1 55. One type of Response Surface Model 1 55 is an equation that describes the 

performance of the performance attribute as a polynomial with the design parameters 

as the variables, i.e., F(x , x f ... x ) = d(x ,) + d(x )+... + d(x ) where F(x 

1 2 n I 2 n 

1 ' X 2 9 X n * iS the Response Surface Model 1 55 for the performance of 

performance attribute F and d(x ) is the contribution of design parameter x to the 

n n 

performance of F. Each of the performance attributes is similarly modeled and 
expressed as a function of the design parameters. These Response Surface Models 
1 55 act as surrogates for the more complex modeling and simulation programs 
described in the DOE step 1 20. 

[001 6] The Statistical Analysis step 1 70 utilizes the Response Surface Models 1 55 

generated in the Response Surface Modeling step 1 50 to perform statistical analysis of 
the performance attributes. In this step 1 70, the designer can determine which of the 
design parameters has the largest effect on each of the performance attributes. 
Furthermore, the designer can determine the main effect of each design parameter 
upon each performance attribute. 

[001 7] The Determination of Optimal Design Parameters step 200 can be further broken 
down into its component steps, as shown in FIG. 2. These component steps are 
Baseline Analysis 220, Optimization 250, and Confirmation of Optimal Design 270. in 
the Baseline Analysis step 220, the baseline model 1 25 of the mechanical system is 
tested by the computer simulation program 1 30. The results of this test are saved as a 
control for comparing with the results of the new design, if desired. 

[001 8] in the optimization step 250, the designer chooses the performance attributes to 
be optimized. Preferably, the designer would choose to minimize or maximize the 
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output of a subset 255 of the Response Surface Models 155 over the range of possible 

values for each of the design parameters, while keeping the remaining Response 

Surface Models 1 55 as constraints on the performance of the system. For example, in 

a system with performance attributes F ^ and F , the designer may choose to 

minimize the Response Surface Model F „ (x . x . ... x ) while maintaining the 

1 1 2 n 

constraint that Response Surface Model F (x . x , ... x ) cannot exceed a level Y 

2 12 n 

nor fall below a level Y , .Of course, one skilled in the art would recognize 
upper lower 

that there are other ways to optimize the performance of the mechanical system, for 
example, by attempting to minimize or maximize all of the Response Surface Models 
155 or by attempting to tune a subset 255 of the Response Surface Models to specific 
levels. Furthermore, different schemes of optimization may be employed by the 
designer, e.g., placing more emphasis on certain performance attributes at the 
s expense of others. 

P [0019] The result of the Optimization step 250 is an optimal set 260 of values for the 
design parameters that optimizes the performance of the mechanical system. In the 
Confirmation of Optimal Design step 270, this optimal set 260 of design parameter 
values is then used to create a model 125 of the mechanical system, which is then 
tested by the computer simulation program 1 30. The model 125 is simulated to 
confirm the expected "optimal" results. Because the Response Surface Models 1 55 are 
based on incomplete modeling data of highly non-linear responses, it is possible that 
the model 125 of the mechanical system with the optimal set 260 of design parameter 
valuesdoes not perform as expected. In this rare occurrence, the designer should 
repeat the process with an increased number of models in the DOE step 1 20. As 
stated above, the preferred number of models 125 tested in the DOE step 1 20 is ten 
times the number of design parameters of the mechanical system. This ratio has been 
found to be the best choice for road load analysis in the design of vehicles. There is a 
trade-off between the number of models 1 25 that are simulated in the DOE step 1 20 
and the time required to complete the process, with the greater the number of models 
125 yielding more accurate results at the expense of taking longer to complete, and 
vice-versa. The optimal number of models 1 25 for a particular mechanical system will 
vary depending on many factors, e.g., the non-linearity of the responses that the 
Response Surface Models 1 55 attempt to describe. 
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[0020] As an additional step, or as a substitute for the Optimization step 250, the 

designer could perform the Robustness Optimization step 300, as shown in FIG. 3. 
This step 300 will increase the robustness of the design of the mechanical system by 
making it less susceptible to changes in the value of its design parameters, and 
ensure that the optimal design will be robust enough for real-world applications. As 
with any real world mechanical system, the design parameters cannot be controlled 
with one hundred percent accuracy. The actual values of the design parameters in the 
physical system will vary because of manufacturing capabilities and may even change 
throughout use. 

[0021] In order to achieve an optimal design for a range of actual values of the design 

parameters, the Robust Optimization step 300 uses Monte Carlo Simulations. Monte 

Carlo Simulation is a process by which a system can be modeled by assigning 

probabilities to the variability of the design parameters, and is well known in the art. 

Essentially, the designer determines the probability of variation in the value for each 

design parameter and inputs that information into a Monte Carlo Simulation for the 

Response Surface Models 1 55 to determine the optimal value range. For example, with 

the Response Surface Model F(x . x . ... x ) = d(x ) + d(x ) + ... + d(x ), the 

1 2 n 1 2 n 

values for design parameters (x . x , ... x ) may vary by +/- 5% in a uniform 

12 n 

probability distribution when actually manufactured. With this information, Monte 
Carlo Simulation allows the designer to optimize the Response Surface Model F(x ^ , x 
2 , ... x ^ ) around the range of probable values for the design parameters (x ^ , x , 
... x ), rather than around absolute values. This added robustness is not necessary 
for all mechanical systems, but is especially useful for designing mechanical systems 
in which the values of the design parameters will vary overtime or with extended use. 

[0022] The process described above is best implemented with the use of computers and 
computer software programs. Computer programs can automate many of the steps 
such that they are transparent to the designer of the mechanical system. It is possible 
to store in a computer program such information as the number and type of design 
parameters in order to simplify the decisions to be made by the designer. 

[0023] 

In summary, persons of ordinary skill in the art will readily appreciate that a 
method and system for optimizing the design of mechanical systems has been 
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provided. Designers implementing the teachings of this method and system can enjoy 
designing optimal systems in less time and with less work than previous methods of 
design. 

[0024] The foregoing description has been presented for the purposes of illustration and 
description. It is not intended to be exhaustive or to limit the invention to the precise 
form disclosed. Many modifications and variations are possible in light of the above 
teachings. It is intended that the scope of the invention be limited not by this detailed 
description, but rather by the claims appended hereto. 
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